We investigate electron transport properties in large-area, single-layer graphene embedded in dielectric media, using free-space terahertz (THz) imaging and time-domain spectroscopy. Sandwiched between a thin polymethyl methacrylate (PMMA) layer and a Si substrate, graphene layers of different growth recipes exhibit distinctive spatial inhomogeneity of sheet conductivity. The non-contacting, non-destructive THz probe reveals that the PMMA layer induces a small, yet noticeable reduction in conductivity. Graphene has a unique band structure including a cone of linear dispersion with its apex at the Dirac point, which gives rise to the extraordinary transport properties of massless relativistic fermions.
Graphene has a unique band structure including a cone of linear dispersion with its apex at the Dirac point, which gives rise to the extraordinary transport properties of massless relativistic fermions.
1 Charge carriers in a high-quality graphene layer exhibit ultrahigh mobilities, undergoing ballistic transport over a long distance. It has been reported that electron mobilities can exceed 200 000 cm 2 V À1 in a free-standing graphene device. 2 The electron mobility in a large-scale graphene sheet, however, suffers a significant reduction ranging from 1000 to 10 000 cm 2 V À12-4 due to scattering with extrinsic sources such as charged impurities [4] [5] [6] and microscopic ripples.
3,7-9 Dominant scatterers are largely determined by its growth procedure. Furthermore, when a graphene sheet is deposited on a substrate, the symmetry breaking at the interface induces an intrinsic modification of the electronic structure, opening up a band gap at the Dirac point. [10] [11] [12] [13] [14] Inelastic scattering by surface phonons is also considered an underlying mechanism limiting the electron mobility in graphene. [15] [16] [17] Most of the practical graphene devices are fabricated on a substrate providing a supporting structure; thus it is important to understand how the graphene/substrate interface influences the electron dynamics in graphene.
In this letter, we investigate the spatial inhomogeneity of graphene conductivity and the effect of interfaces on conductivity in a graphene sheet embedded between dielectric media using terahertz (THz) imaging and spectroscopy. The THz method utilizes a non-contacting, non-destructive probe to measure the local carrier dynamics of graphene with a high absorption contrast. 18 We measured the transmission of spatially focused, broadband THz pulses through the graphene samples sandwiched by an intrinsic Si substrate and a thin dielectric film of polymethyl methacrylate (PMMA) and mapped out the local sheet conductivity using raster scanning across the samples. Strong THz absorption by graphene ($20%) indicates that intraband transitions dominate the interactions of THz waves with graphene. Graphene samples grown by different recipes show markedly different spatial inhomogeneity of electric conductivity. The addition of a PMMA thin film results in a slight, yet noticeable decrease in the conductivity, while THz absorption by the 100-nmthick PMMA film alone (absorption coefficient, <5 cm À1 ) is negligible. The change in conductivity may be caused by excessive scattering sites and doped carriers at the graphene/ PMMA interface.
We grew large-area graphene on copper foil by chemical vapor deposition (CVD). Two types of samples were produced. The first type comes from a standard growth recipe with grain size of $5 lm. 19 The second type was produced using a novel growth technique known as the "pita-pocket method." 20 The grain size of the second type ranges from 50 lm to 400 lm. While the individual grain size is larger, the pita-pocket graphene is inhomogeneous in a macroscopic scale of the order of millimeters. An optical microscope image of the pita-pocket graphene on SiO 2 in Fig. 1(a) shows the regions of bare SiO 2 , single-layer graphene, and doublelayer graphene, confirmed by Raman spectroscopy [ Fig.  1(c) ]. After the growth, we deposited a 100-nm-thick PMMA film on graphene. The PMMA/graphene layer was subsequently transferred onto two types of substrates: (1) an intrinsic Si substrate and (2) an intrinsic Si substrate with a 300 nm layer SiO 2 (made for device applications) so that the graphene layer was sandwiched by the two dielectric media.
We employed THz imaging and spectroscopy to investigate the graphene samples. We generated broadband THz pulses (central frequency, 1 THz; bandwidth, 1.5 THz) by optical rectification of femtosecond laser pulses in a 1-mm ZnTe crystal. Our laser system is a 1 kHz Ti:sapphire amplifier (central wavelength, 800-nm; pulse energy, 1 mJ; pulse duration, 90 fs). THz pulses were spatially focused onto the graphene samples with a diffraction limited beam size of 0.5 mm. graphene film is nearly spatially uniform while the pitapocket-growth film shows strong inhomogeneity. Using the Fresnel thin-film formula based on Drude conductivity, we obtain the local sheet conductivity of graphene (r S ) via transmission measurements. 18 The transmission of the graphene/Si sample normalized by Si substrate transmission is given as
where t S ðt G Þ and r S ðr G Þ are transmission and reflection Fresnel coefficients for an air/Si (air/graphene/Si) interface
with the Si refractive index n Si ¼ 3:42 and the vacuum impedance Z 0 ¼ 376:7 X. Figures 2(c) and 2(d) show the images of the calculated local sheet-conductivity of the graphene/ PMMA layer. The spatial inhomogeneity of the graphene samples is even more pronounced. The local sheet conductivity of the standard-growth graphene exhibits about 10% fluctuation across the sample, r S ¼ 1:3 Â 10 À3 to 1:5 Â 10 À3 X
À1
(sheet resistivity, q s ¼ 710 to 830 X=sq), while that of the pita-pocket growth graphene widely varies from 0:6 Â 10
À3
to 1:5 Â 10 À3 X À1 (sheet resistivity, q s ¼ 710 to 1700 X=sq). We investigate the effects of PMMA layer on the electron dynamics in graphene, performing THz measurements on both graphene samples, first removing the PMMA layer and then depositing a new PMMA film (thickness, 50 nm). PMMA was removed by an ashing process at 400 C to ensure an ultraclean surface. This process causes some thermal damage to the standard-growth sample, nearly doubling the D peak in the Raman spectrum. The average sheet conductivity lowers from 1:4 Â 10 À3 to 0:82 Â 10 À3 X À1 . On the other hand, the PMMA removal process gives rise to a substantial increase in the average sheet conductivity of the pita-pocket sample from 0:99 Â 10 À3 to 1:3 Â 10 À3 X À1 . Figures 3(a) 
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In order to confirm our analysis based on Drude conductivity, we inspect frequency-dependent conductivity using THz-TDS. When a THz pulse transmitted through the graphene-on-Si sample, a portion of the pulse is directly transmitted, and the remaining portion undergoes multiple internal reflections within the Si substrate. The Si substrate is substantially thick so that the reflected pulses are temporally well separated from each other. 18 Figure 4 (e) shows the relative transmission spectra (the ratio of the electric field transmitted through graphene-on-Si to that through bare Si) before (solid red line) and after (solid blue line) the PMMA deposition. The spectra are nearly flat, indicating the validity of the Drude picture. The THz-TDS results are compared with the calculated values based on the average sheet conductivity (dashed red and blue lines) for both the directly transmitted and first internally reflected pulse.
In conclusion, THz imaging enables non-contact probing of microscopic Drude conductivity in a large-area, singlelayer graphene embedded in dielectric media. Graphene samples grown by two different methods show largely different spatial inhomogeneity of the electrical conductivity. A thin PMMA film induces a slight reduction of conductivity in graphene, either through the introduction of additional scattering, a change in doping or a combination of these effects. This work is supported by the National Science Foundation (DMR-1063632), the Oregon Nanoscience and Microtechnologies Institute, and National Research Foundation of Korea Grant (NRF-2011-220-D00052). We are grateful to Professor Hyunyong Choi (Yonsei University, Korea) for his expert advice. 
